Abstract. Composites were prepared from poly(lactic acid) (PLA) and a natural CaSO4 filler to study the developed structure and the interaction of the components. The filler was characterized very thoroughly by several techniques and the results indicated that the filler contains a considerable amount of small particles with size much below the volume average size of 4.4 μm. The presence of these small particles did not result in inhomogeneity, considerable extent of aggregation was not observed in the composites. The filler was coated with stearic acid to modify interactions and optimum coverage corresponded to the amount estimated from the specific surface area of the filler. Mechanical properties changed only slightly with increasing amounts of the uncoated filler, but coating resulted in a drastic change of tensile properties and deformation behavior. Considerable plastic flow was observed around filler particles on the fracture surface of broken specimens. The quantitative estimation of interfacial interactions and their comparison to existing data proved that the interaction of PLA and CaSO4 corresponds to values observed in other mineral filled polymers. On the other hand, the reinforcing effect of the coated filler is extremely poor indicating almost zero interaction. Additional experiments proved that considerable amount of stearic acid dissolves in PLA and plasticizes the polymer. Stearic acid seems to desorb also from the surface of the filler, dissolve in the polymer and modify matrix properties.
Introduction
Recently the interest in poly(lactic acid) (PLA) as well as in its copolymers [1] [2] [3] [4] [5] [6] [7] , blends [8, 9] and composites [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] increased enormously for various reasons. PLA has several advantages compared to fossil fuel based polymers. Among others it can be produced from renewable resources, its production consumes CO 2 , it is recyclable and compostable, and its properties can be modified and adjusted to a large number of applications in various ways. Increasing production capacity decreases its price thus PLA may represent a reasonable alternative to commodity polymers in several application areas. During the purification of the lactic acid monomer considerable amount of calcium sulfate forms as a byproduct, thus it is reasonable to attempt to use this mineral filler for the modification of poly(lactic) acid. The use of this material may result in a reasonable application of the byproduct and allow the modification of PLA as well. PLA/CaSO 4 composites were reported to have advantageous properties including good strength, impact resistance and decreased price [18] .
Recently several papers were published by some of the authors showing the advantages of CaSO 4 as filler [18] [19] [20] [21] [22] . It was shown that the β-anhydrite II (AII) form of gypsum is thermally stable, does not absorb significant amounts of water and its use as filler in PLA results in composites with good thermal, mechanical and impact properties. The study of several CaSO 4 types with different particle characteristics indicated that good homogeneity and advantageous properties can be achieved at an average particle size of 9 μm. The good performance of the composites was attributed to favorable interactions developing between the filler and the polymer matrix [18] . However, this relatively large particle size usually results in easy debonding especially in such stiff matrices like PLA [23] . In the paper cited above [18] the strength of interaction was estimated from the Young's modulus of composites and from tensile strength using the Nicolais-Narkis equation [24] . Unfortunately stiffness is not very sensitive to changes in interaction [25] and the Nicolais-Narkis model [24] does not include the effect of interaction, in fact it assumes complete debonding and zero load-bearing of the matrix. Considering these open questions, the goal of our study was to shed more light onto the effect of particle characteristics and interaction on the structure and properties of PLA/CaSO 4 composites. A gypsum sample with smaller particle size (see Ref. [18] ) was selected for the study, since debonding is very easy at large particle size especially in stiff matrices [23] . Interfacial interactions were estimated with the help of an appropriate model and compared to well-established materials, to PP/ CaCO 3 composites extensively used in practice. Interactions were modified by coating the surface of the filler with stearic acid. Such surface modification results in a decrease of interactions which is advantageous for homogenization by decreasing aggregation, but it decreases matrix/filler interaction as well [26] . We hoped to obtain valuable information about interaction-structure-property correlations in the studied composites and to develop guidelines for the preparation of new materials with favorable properties.
Experimental
The PLA used in the experiments was obtained from NatureWorks (USA). The selected grade with M n = 88 500 g/mol and M w /M n = 1.8 is recommended for extrusion. The polymer (<2% D isomer) has a density of 1.3 g/cm 3 , while its MFI is 3.9 g/10 min at 190°C and 2.16 kg load. The CAS-20-4 calcium sulfate filler was supplied by the United States Gypsum Company (USA). The filler, manufactured from high purity gypsum rock using controlled calcination and fine grinding, has a volume average particle size of 4.4 μm, specific gravity of 2.96 g/cm 3 and calcium sulfate content >99%. The CaSO 4 content of the PLA composites was changed from 0 to 30 vol% in 5 vol% steps. The filler was surface coated with various amounts of stearic acid to determine optimum coating, which corresponds to monolayer coverage [26, 27] . Coating was carried out in a Haake Rheomix 600 mixer fitted with blades for dry-blending. Coating was done at 120°C for 10 min at 100 rpm rate with stearic acid amounts ranging from 0.1 to 5 g/100 g filler in 9 steps. The surface characteristics of uncoated and coated fillers were studied by inverse gas chromatography. The fillers were aggregated in methanol, then the dried samples were grinded and sieved. The size of the grinded filler particles covered a wide range, the fraction between 400 and 800 μm size was used for the filling of the column. Columns were conditioned at 140°C for 16 hours and measurements were done at 100°C with the injection of various n-alkanes. An attempt was made to determine monolayer coverage by a dissolution method developed earlier [26, 28] . DSC traces were also recorded on coated fillers; free stearic acid can be determined from the appearance of its melting peak as shown by an earlier study [29] . The particle size and particle size distribution of the filler was determined with a Malvern Mastersizer 2000, while its specific surface area with an Autosorb 1 (Quantachrome, USA) apparatus. Poly(lactic acid) was dried at 110°C for 4 hours in a vacuum oven before composite preparation. Homogenization of the components was carried out at 190°C and 50 rpm for 10 min in a Brabender W 50 EH internal mixer attached to a Haake Rheocord EU 10 V driving unit. The melt was transferred to a Fontijne SRA 100 compression molding machine to produce 1 mm thick plates used for further testing. As a result of fast cooling with water, the plates were mostly amorphous with a negligible amount of crystalline phase (see also DSC traces later). Rheological measurements were carried out using a Paar Physica UDS 200 apparatus at 220°C in oscillatory mode in the frequency range of 0.1-600 1/sec on discs with 25 mm diameter and 0.5 mm thickness. The amplitude of the deformation was 5%. Mechanical properties were characterized by tensile testing on standard ISO 527 specimens using an Instron 5566 apparatus. Stiffness (E) was determined at 0.5 mm/min cross-head speed and 115 mm gauge length. Tensile strength (σ), and elongation-at-break (ε) were calculated from force vs. deformation traces measured on the same specimens at 5 mm/min cross-head speed. The melting and crystallization characteristics of PLA and its composites were determined using a Perkin Elmer DSC 7 apparatus. Two heating and a cooling runs were done on 5 mg samples with heating and cooling rates of 10°C/min. The particle characteristics of CaSO 4 and the structure, as well as the deformation mechanism of the composites were studied by SEM (JEOL JSM-6380 LA). Micrographs were taken both from fracture surfaces created at liquid nitrogen temperature and during the failure of the specimens in the tensile testing machine. 10 μm slices were cut from composites and studied by polarization optical microscopy (POM) using a Leica DFC 320 microscope to determine the distribution of the filler in the polymer and the possible presence of aggregates.
Results and discussion
The results of the study are presented in several sections. The first two deal with the particle characteristics of the filler and surface coating, two factors which are crucial for the structure of the composites and for the interactions between the components. Mechanical properties are presented next, followed by the discussion of structure and interfacial interactions in the two final sections of the paper.
Particle characteristics of the filler
Previous experience showed that fillers with large particle size debond very easily from the matrix [23, 30] . Debonding results in the formation of voids that may merge into large cracks leading to the catastrophic failure of the material. Studies done on PP/CaCO 3 composites showed that fillers with an average particle size below 1 μm strongly aggregate, and the optimum particle size in PP is around 2-3 μm. As a consequence, we selected a CaSO 4 with a nominal median particle size of 4 μm from the available assortment. However, besides average size, also the size distribution is very important for the reasons mentioned above, i.e. large particles debond very easily, while small particles aggregate. The particle size distribution of the selected filler is presented in Figure 1 . Its volume average size is 4.4 μm, but it contains a large number of relative large particles up to 25-30 μm size. Unfortunately, the presence and amount of very small particles cannot be estimated from the figure because of its scale. Further information can be obtained about the particle characteristics of the CaSO 4 filler from SEM micrographs as shown in Figure 2 . The large particles are clearly visible in the micrograph, but a large number of very small particles with size below the micrometer level are also seen. These particles are attached to the larger ones and the apparatus used for particle size analysis cannot distinguish them. Small particles may aggregate deteriorating mechanical properties. Further information about particle characteristics can be deduced from the specific surface area of the filler. BET adsorption measurements yielded a specific surface area of 5.38 m 2 /g for our CaSO 4 sample. Assuming perfectly spherical particles of uniform size, this surface area corresponds to a particle size of 0.4 μm. Similarly, the 4.4 μm average particle size would correspond to 0.46 m 2 /g specific surface area. These considerations indicate that in accordance with the SEM micrograph of Figure 2 , our filler contains a large number of small particles not detected by the laser diffraction equipment. The presence of these particles might influence interactions, structure and properties of the PLA composites.
Surface coating
Fillers are often coated to modify interactions between the filler and the matrix polymer. Particulate fillers are usually coated with a surfactant to decrease their tendency for aggregation. Since our CaSO 4 filler contains small particles, such a surface modification is assumed to be beneficial also in our case. The first choice is stearic acid for this purpose, since similarly to CaCO 3 , it may react chemically with the surface offering efficient coating [26] . Optimum surface coverage depends on the specific surface area of the filler, as well as on the surface need and orientation of the molecules on the surface of the particles. The optimum amount of surfactant proved to be close to monolayer coverage [26, 28] . A simple way to determine the adsorption of the surfactant on the filler is offered by the dissolution method [26, 31] . The filler is coated with increasing amounts of surfactant, the coated filler is washed with a solvent and the irreversibly bonded surfactant is determined by an appropriate analytical technique (IR, UV, etc.). The method principally results in an adsorption isotherm (for further details see Ref. [31] ). The adsorption of stearic acid on the surface of our CaSO 4 is shown in Figure 3 . A dissolution curve recorded on CaCO 3 is included as comparison. The latter presents a typical example, adsorption goes to saturation and monolayer coverage is very close to the amount where the isotherm deviates from linearity (indicated in the figure by c 100 ). Contrary to the very nice adsorption isotherm obtained for CaCO 3 , the one determined for CaSO 4 is very difficult to interpret. Almost no stearic acid is bonded onto the surface, which contradicts our expectations, but does not agree with the relatively large specific surface area of the filler either. Small particles indicated by model calculations and also by the SEM micrograph of Figure 2 do not settle in the suspension and bias the determination of the concentration of stearic acid by FTIR spectroscopy. The fillers coated with different amounts of stearic acid were studied also by DSC. Free stearic acid crystallizes on the surface of the filler and the melting peak of the surfactant can be detected on the traces [29] . According to this method monolayer coverage is around 1.0-1.5 g stearic acid/100 g filler. Monolayer coating can be determined also from the change of surface tension with coverage. Surface tension decreases quite steeply with increasing coverage to a minimum, than slightly increases as a double layer of surfactant forms on the surface of the filler [29, 32] . The dispersion component of the surface tension of the filler is A CaCO 3 filler is used for comparison again. The dependence of surface tension on coverage is very similar for the two fillers. Moreover, the final value of surface tension is practically the same in both cases. Even the location of the minimum corresponds to the prediction, the CaCO 3 filler used had a specific surface area of 4.0 m 2 /g, i.e. the minimum should be located at slightly smaller stearic acid content than for the CaSO 4 studied. According to these measurements, optimum coating is in the range of 1.0-1.5 g stearic acid/100 g CaSO 4 filler. A further check of the amount of optimum coating is offered by the relationship between the specific surface area of the filler and monolayer coverage. Using previous data obtained on CaCO 3 fillers with different specific surface area offers us the possibility to check the results of DSC and IGC measurements presented in the previous paragraph. The relationship is plotted in Figure 5 . A perfectly linear correlation was obtained in previous studies; data for all the fillers fit the line reasonably. The 1.5 g stearic acid/100 g CaSO 4 coverage determined by two methods also fits the correlation reasonably well. The figure and the other results presented in this section allow us to draw several conclusions. The specific surface area determined by BET adsorption is correct and the filler contains a large number of small particles as indicated by SEM micrographs. CaSO 4 can be covered with stearic acid, which decreases its surface tension considerably. Accordingly, some aggregation may be expected in composites containing the uncoated filler, but less in those prepared with the surface modified CaSO 4 .
Mechanical properties, failure
The modulus of particulate filled composites does not offer much information about structure and interactions. Modulus depends on the orientation of anisotropic particles, but it is influenced by specific surface area or the strength of interaction only slightly, and by aggregation practically not at all [33, 34] . Properties measured at larger deformations, i.e. tensile yield stress and tensile strength, as well as the corresponding deformations depend strongly on structure and interaction. This is demonstrated by Figure 6 , in which the tensile strength of PLA/CaSO 4 composites is plotted as a function of filler content both for uncoated and coated gypsum. Strength decreases with increasing filler content in both cases, but the rate of decrease differs considerably. The decrease for the uncoated filler is moderate in accordance with previous results [18] . This indicates reasonable interaction of the filler with the matrix polymer. However, the dominating deformation process is the separation of the phases at the interface, i.e. debonding, which occurs in most particulate filled composites. Surface coating leads to a significant decrease in strength. The difference in the effect of the coated and uncoated filler on strength indicates that surface coating was effective and all interactions decreased in the composites. As a consequence, we may expect better dispersion in composites containing the coated filler. The composition dependence of the corresponding deformation is presented in Figure 7 . Elongationat-break is very small for the composites prepared with the uncoated filler; the composites fail by brittle fracture. The increase of filler content results in the continuous decrease of ultimate deformation. On the other hand, surface coating increases deformability somewhat, although the elongationat-break values remain quite small. Nevertheless, we can see the effect of decreased interaction. We may assume that debonding becomes easier as an effect of surface coating, even small particles debond and ultimate deformation increases somewhat. The effect of coating is reflected also in the failure of the composites. Figure 8a presents the fracture surface generated by the tensile testing of a PLA composite containing 25 vol% uncoated filler. Brittle failure is clearly shown by the micrograph and the adhesion of the phases seems to be moderate, the clean surface of a large number of particles is seen. The micrograph also indicates that stress concentration around the particles initiates debonding, the separation of the phases changes stress distribution and leads to the failure of the specimen. On the other hand, the fracture surface of the composite containing the coated filler is quite surprising (Figure 8b) . Large holes can be observed around larger particles showing not only debonding, but also considerable plastic flow as well. Obviously this latter causes the increase in deformability observed in Figure 7 . Surface coating alone does not justify such a drastic change in the deformation behavior of the composite. The micrograph indicates a change in matrix properties, which might be caused by the stearic acid treatment. However, SEM micrographs cannot supply any proof for such a hypothesis thus we refrain from further speculation here.
Structure
The morphology of PLA/CaSO 4 composites is relatively complicated. The polymer can crystallize, but the rate of crystallization is rather slow thus under the conditions of normal processing operations it remains mostly amorphous; its crystalline content is very small. Besides crystalline structure, the distribution of the filler in the matrix, i.e. the possible formation of aggregates is also an important issue. The filler might influence also interphase formation and the mobility of the polymer molecules. In order to obtain a better insight into these questions, DSC measurements and microscopy were carried on the composites. The DSC traces recorded during the second heating of PLA and some composites are presented in Figure 9 . The traces are rather complicated showing several transitions. The glass transition temperature of the amorphous phase of PLA is clearly detected at around 60°C. This is followed by the peak of cold crystallization and then the melting of the crystalline polymer. Melting occurs in two steps, which indicates the recrystallization of PLA, the perfection of the crystals during heating. The crystallization and melting behavior of PLA is known; the possible effect of the filler and surface coating is more interesting for us. Based on the figure two observations can be made. The T g of the polymer shifts to lower temperatures both in the presence of the uncoated and the coated filler. The double peak of melting also changes and transforms to a single process with increasing filler content. The temperature of the peak shifts towards lower temperatures. The composition dependence of T g is plotted in Figure 10 . The significant shift in the glass transition temperature is rather surprising especially for the uncoated filler. Usually no change can be observed in the T g of particulate filled polymers, or some increase is expected at very large specific surface areas due to the formation of a hard interphase. Weak interaction may lead to an increase in the mobility of the segments, but not in the extent R1  R2  R3  R4  R5  R6  R7  R8  R9  R10  R11  R12  R13  R14  R15  R16  R17  R18  R19  R20  R21  R22  R23  R24  R25  R26  R27  R28 R29 R30 This increase in mobility is very difficult to explain and needs further study. On the other hand, the change in the melting behavior might be explained with the increased mobility. Cold crystallization proceeds easier if the chains are more mobile and recrystallization does not occur during melting. It is also worth to note, that several points deviate from the general tendency in the figure. This is observed in most properties (see also Figure 7 ) and also needs further investigation and explanation. The dispersion of the filler particles was studied by microscopic techniques and by rheology. Rather surprisingly significant aggregation was not observed by any method. The SEM micrographs in Figure 8 indicate the homogeneous distribution of the particles. The same result was obtained by polarization optical microscopy. Large particles were clearly visible in the micrographs, but aggregates of 50-100 micron large often observed in composites prepared from CaCO 3 [35] could not be detected in any of them. Oscillatory rheometry is a very sensitive tool to detect aggregation. The ColeCole representation of the components of dynamic viscosity clearly shows the presence of a relaxation process with a different, longer relaxation time assigned to the formation of aggregates [34] . ColeCole plots and the calculation of average relaxation time indicated a very small degree of aggregation only at 30 vol% filler content. In view of the large specific surface area and the large number of small particles (see Figure 2 ) the lack of aggregation is rather surprising. Since the surface energy of CaSO 4 is rather large (see Figure 4) , the only reasonable explanation is that small particles remain attached to the surface of larger ones even after processing, on the one hand, and they are easily dispersed after coating, on the other.
Interfacial adhesion
The effect of interactions can be estimated from properties determined at large deformations, like tensile yield stress or tensile strength, with the use of appropriate models. A simple model developed earlier [36] [37] [38] takes into account the influence of the decreasing load-bearing cross-section of the polymer due to filling, while the effect of interaction is expressed by an exponential term, i.e. (Equation (1)):
( 1) where σ T and σ T 0 are the true tensile strength (σ T = σλ and λ = L/L 0 ) of the composite and the matrix, respectively, n is a parameter expressing the strain hardening tendency of the matrix, ϕ is the volume fraction of the filler and B is related to its relative load-bearing capacity, i.e. to the extent of reinforcement, which depends on interfacial interaction. The relationship of B to the size of the interface and the properties of the interphase are expressed by Equation (2): (2) where A f and ρ f are the specific surface area and density of the filler, while and σ T i the thickness and strength of the interphase. We can write Equation (1) in linear form (Equation (3)):
and plotting the natural logarithm of the reduced tensile strength of the composite against filler content should result in a linear correlation, the slope of which is proportional to the reinforcing effect of the filler. The reduced tensile strength of the studied composites is plotted in Figure 11 in the form indicated by Equation (3) . We obtain straight lines in both cases indicating good dispersion and the absence of structural effects. This confirms our conclusions about structure drawn in the previous section. The intersection of the line obtained for the composites containing the uncoated filler differs slightly from the value determined for the matrix polymer. This can be the result of erroneous measurement or the effect of changing polymer properties in the presence of the filler. This latter seems to cause the difference in our case since the line obtained with the coated filler intersects the axis at the value of the matrix. The slope of the line is 2.33 for the uncoated filler indicating relatively strong interaction. According to Equation (2), the reinforcing effect, i.e. parameter B, depends also on the strength of the matrix, which is quite high for PLA.
On the other hand, the load-bearing capacity of the coated filler is close to zero, we obtained 0.17 for parameter B. This again proves the drastic decrease of interaction (see Figure 4 ) and justifies the change in deformation mechanism (see Figure 8b) . We can clearly see the difference in reinforcing effect and interaction in the two composites containing the uncoated and coated filler, respectively, but do not know how these values relate to other polymer/filler pairs. B parameters obtained for PP/CaCO 3 composites are plotted against the specific surface area of the filler in Figure 12 for comparison. Equation (2) indicates that if the thickness and properties of the interphase are the same for all composites prepared from the same matrix, B should depend linearly on specific surface area, i.e. (Equation (4)):
where k 1 = ln(σ T i /σ T 0 ) and k 2 = k 1 ρ f . The first part of the correlation, below 6 m 2 /g surface area, corresponds to the prediction of Equation (4), but deviates at larger A f values. The deviation is caused by the aggregation of the filler, which results in smaller interfacial area than calculated from the specific surface area and the amount of filler. The B value obtained for the PLA/CaSO 4 composite fits the correlation perfectly, which is rather surprising, since matrix properties are different from those of PP, but the surface tension of the filler is also larger which should lead to dissimilar interphase characteristics [39, 40] . Nevertheless, we can conclude from these results that the strength of interaction in the PLA/CaSO 4 composites is in the same range usual for particulate filled composites containing uncoated mineral fillers. Surface modification results in a drastic decrease of interaction, which is much stronger than expected and very difficult to explain. To develop some idea about the magnitude of this decrease, the B value of 1.98 obtained for coated CaCO 3 with 5.0 m 2 /g specific surface area (A f ) in PMMA matrix with tensile strength (σ m ) of 54.9 MPa must be compared to the B = 0.17 at A f = 5.38 and σ m = 60 MPa for the PLA/CaSO 4 composite. Rheology supplies a further proof for the extraordinary effect of the coated filler on composite properties. The relative complex viscosity of the composites measured at 220°C and 10 s -1 frequency is plotted against filler content in Figure 13 . The viscosity of the melt increases with filler content in the presence of the uncoated filler, but it decreases continuously with increasing amount of the coated filler. This is rather surprising and against the prediction of all models even if the interaction is decreased considerably due to coating with stearic acid. In order to shed more light onto the phenomenon and clarify the role of stearic acid, PLA blends were prepared with various amounts of the surfactant. The point indicated by ( ) was obtained for a To check the hypothesis of lubrication or plasticization further we carried out also the thermal analysis of the blends. DSC traces recorded during the second heating of the samples are presented in Figure 14 . Practically all transitions shift towards lower temperatures including glass transition, cold crystallization and melting. The very pronounced double melting peak caused by crystal perfection disappears and the polymer melts in one step probably due to the larger mobility of the chains. The very strong plasticizing effect of stearic acid is clearly shown by the change of T g with composition ( Figure 15 ). The decrease of the glass transition temperature by 5°C upon the addition of only 2 wt% stearic acid is very drastic indeed. From these experiments we may conclude that stearic acid must be used with care for the surface modification of fillers added to PLA, since it interacts strongly with the polymer. The presence of large amounts of excess stearic acid may result in decreased tensile strength, but also in a decrease of molecular weight due to acid catalyzed hydrolytic cleavage [18] .
Conclusions
The CaSO 4 filler used for the preparation of PLA composites was characterized very thoroughly by several techniques and the results indicated that the filler contains a considerable amount of small particles. In spite of the expectations, the presence of these small particles did not result in inhomogeneity, considerable extent of aggregation was not observed in the composites. The filler was coated with stearic acid to modify interactions and optimum coverage corresponded to the amount estimated from the specific surface area of the filler. Mechanical properties changed only slightly with increasing amounts of the uncoated filler, but coating resulted in a drastic change of properties and deformation behavior. Considerable plastic flow was observed around filler particles on the fracture surface of broken specimens. The quantitative estimation of interfacial interactions and their comparison to existing data proved that the interaction of PLA and CaSO 4 corresponds to values observed in other mineral filled polymers. On the other hand, the reinforcing effect of the coated filler is extremely poor indicating almost zero interaction. Supplementary experiments proved that considerable amount of stearic acid dissolves in PLA and plasticizes the polymer. Stearic acid seems to desorb also from the surface of the filler and dissolve in the polymer. Further study is needed to explain certain phenomena (large deviations in measured values, the decrease of T g in the presence of the uncoated filler, cold crystallization and melting, etc.) and to find the best surface coating agent for the application.
